Introduction
With the advent of mobile communications a huge marketplace has been created. Stiff competition in this marketplace has caused mobile technology to improve rapidly. New services are constantly being introduced (e.g. short message service in GSM) to capture larger market shares.
In recent years it has become apparent that there is a large demand for mobile location services. The service could provide a range of functions, such as car navigation, fleet management, location charging or advertising and antitheft devices. These services currently available use their own communication systems and radio frequency allocation -a poolled resource would be far more efficient and cost effective. In 1997 the U.S. FCC introduced a mandate to enforce all mobile telephone networks to provide mobile locations for emergency services [1] . This mandate requires location accuracy of <125m 67% of the time.
Unfortunately there are a number of challenges to overcome to implement such a service. The mobile telephone network does not provide an ideal framework. The reasons for this will be discussed in detail in Section 2. It is expected that the accuracy of such a service would not be as great as GPS, the satellite based location systemdifferential-GPS is accurate to 2m. However the mobile solution would be inexpensive in comparison, does not require direct line of sight communication and can penetrate buildings. It would therefore be aimed at a different market.
The third generation mobile standard, UMTS, has recently been developed by ETSI. This standard hopes to provide a wide bandwidth mobile service capable of transmitting speech or data at rates of up to 2.048Mbits/s, utilising spread spectrum technology (CDMA). There is currently much research and development being carried out with the collabaration of the major mobile communications companies. As UMTS will be the system of the future the project proposal has been tailored to this standard. In this way future UMTS networks can be designed with location estimation services in mind.
In this report the current state of research will be examined. A proposed system will be introduced and the anticipated problems/contribution to knowledge discussed. A project plan and details of work carried out to date are included.
Background 2.1 Location Estimation Techniques
There are several methods that can be used to calculate an unknown mobile position from measurements based on signals from base stations of known position. (Rappaport et al. [2] provides a useful and comprehensive reference.) These are summarised below.
Signal Strength Analysis
Signal strength analysis was the first method to be proposed. The technique works by measuring the signal strength of signals from at least 3 BS's at the MS or by measuring the signal strength of the MS at at least 3 BS's. The signal strength measurements are related to the MS-BS separation distances. The MS location then can be calculated by the approximate intersection of 3 circles of known radius by using least squares to minimise the error (see Figure  1(a) ).
There are fundamental problems associated with signal strength measurements. Firstly the fading profile of received power requires that the mobile is not stationary and that some form of averaging is required. Figel et al. [3] suggest that long term median averaging can yield estimates that vary by as little as 0.5dB with individual estimates varying by 40dB. Secondly the signal strength measurements must be converted to distance measurements. Figel et al. proposed qualifying each BS with a contour map of signal strength measurements, however with the large number of BS's this would now be unrealistic. More recently Hata [4] derived widely accepted empirical formulae from actual data however these do not account for local variations caused by the actual terrain.
Previous results suggest location estimate accuracy of <500m Song [5] , about 350m Figel et al. [3] . More recently with further processing of the estimations (see section 2.3) accuracies of about 60m Hellebrandt et al. [6] and <270m
Salcic [7] have been reported from simulations.
Angle of Arrival (AOA)
The AOA technique works by calculating the relative angles of arrival at an MS of three BS's or the absolute angle of arrival of the MS at two or three BS's. This technique relies on the relatively new technology of antenna arrays which provide the direction finding capability to the receiver. The angles can be calculated by measuring phase differences across the array (phase interferometry) or by measuring the power spectral density across the array (beamforming) [2] . Once the measurements have been made the location can be calculated by simple triangulation (see Figure 1(b) ).
It may be impractical to have an antenna array at the MS due to size, allignment and array separation problems. Lei et al. [8] have carried out some preliminary simulation work with a mobile antenna array receiver which suggests, if it is physically viable, it may be possible to implement such a system. Antenna arrays at the BS are planned for future mobile networks (e.g. UMTS) to provide directional transmission to improve network capacity.
TeleSentinal is a solution which is currently available in the US. Using AOA technology they claim to meet the FCC requirements [9] . However field trials in London by Owen et al. [10] suggest that the angle error at the 67% percentile is 30 o for the uplink direction detection, which they suggest would make AOA unviable for urban location estimation.
Time of Arrival (TOA)
The TOA technique works by the MS bouncing a signal back to the BS or vica versa. The propagation time between the MS and BS can be calculated at half the time delay between transmitting and receiving the signal. Again the MS location can be calculated by the interception of circles from 3 such sets of data using least squares to minimise the error (see Figure 1(a) ).
With the introduction of wide bandwidth digital systems timing information becomes relatively easy to obtain by correlation of a known pilot sequence at the receiver. The maximum time resolution depends on the sampling rate at the receiver. Prefiltering the signal to bandpass the frequencies with maximum SNR can further reduce the probability of timing errors. Initially Knapp et al. [11] proposed a Maximum Likelihood (ML) receiver. More recently Gardner et al. [12] and Izzo et al. [13] proposed variations on this receiver architecture to exploit the cyclic nature of the signal.
A major drawback of the TOA approach is that a duplex transmission is required. Cedervall [14] cites accuracy within the FCC requirements (<125m 67% of time).
Time Difference of Arrival (TDOA)
TDOA is now considered the leading candidate for any future location system. TDOA works by measuring the relative arrival time at the MS of signals transmitted from 3 BS's at the same time (or known offset). Likewise the relative arrival times at three BS's of one MS can be measured. Again the maximum timimg resolution depends on the sampling rate at the receiver. Precise synchronisation of BS's will be required for this method. The estimate can be made from the intersection of 2 hyperboloids each defined by the equation:
where (X n ; Y n ) represents the fixed coordinates of BS n and R i;j represents the propagation distance corresponding to the measured time difference i;j . Iterative and empirical Methods for solving the set of Equation 1 in x and y have been proposed and compared by Chan et al. [15] (see Figure 1 (c)).
Encouraging preliminary field trials in Helsinki [16] on a GSM900 network give location estimate accuracy of <200m 67% of the time.
Hybrid Techniques
Hybrid techniques using more than one of the above have been suggested, specifically a AOA and TOA or signal strength hybrid which has an advantage in that communication with only one BS is required (see Figure 1(d) ). Yost et al. [17] suggest a TDOA-TOA hybrid would improve location estimate accuracy. An understanding of the relationship of the accuracy of each technique to different environments will help to combine the measurement types optimally. Analysis of the geometric dilution of precision (GDOP) (see section 2.2.4) for each technique would be essential.
Main Obstacles to Location Estimation
There are several key obstacles associated with location estimation which will have to be overcome. 
Hearability of Remote BS's
In most techniques non-serving BS's are involved. The hearability of signals to or from these BS's may cause some measurements to be impractical when the MS is close to its serving BS. Especially if the communications are power controlled the SIR (for the remote signal) will be high. It may be impossible to collect the required measurements from the remote BS's in a short enough time [18] . Results summarized below from CellScope ( [19] ) support this hypothesis.
Percentage scans with at least X BS's received by CellScope above ?100dBm
Area X = 1 X = 2 X = 3 X = 4 X = 5 Motorola propose a power up function at the MS [20] . Cedervall proposes slotted transmission at the BS [14] . Using a TOA approach he simulates location accuracies <125m 80% of the time. These will both have a significant effect on the capacity of the network but may be worth further study.
Another important technique to consider is interference cancellation whereby known signals that are present can be removed from the received signal, thus reducing the apparent SIR.
Multipath Conditions
Multipath effects are caused by the air interface and local scatterers (reflections off geographical features) which results in a received signal made of several different copies of the same transmitted signal at different time delays, magnitude and phase. In modern systems the communication channel is estimated and a RAKE receiver can be implemented to capture these rays. Multipathing will have an effect on AOA measurements (particularly at the MS) as a large angle spread may be observed at the receiver. Typical values are 360 o for indoor, 20 o for urban and 1 o for rural environments [21] .
Non-Line of Sight (NLOS) Conditions
The problem of non-line of sight communication is fundamental. Timing, signal strength, and especially AOA information will be inaccurate. Results from a study by Silvetoinen et al. [22] indicate change in propagation distances of 400-700m will be typical for an MS experiencing NLOS conditions. In TDOA timing errors may cancel out to a certain degree assuming similar NLOS properties to each BS. It seems feasible that the NLOS propagation errors may be predictable by analysing measurement statistics as proposed by Wylie et al. [23] . Certainly to simulate a realistic scenario a dynamic LOS/NLOS channel must be modelled.
Geometric Dilution of Precision (GDOP) Caused by Subobtimal BS Layout
In certain scenarios the GDOP will have a significant effect on the accuracy of the system. Specifically Highway cells where the BS arrangement may be linear. Pent et al [24] and Lee [25] propose methods to measure the GDOP and demonstrate the effect on their simulated results. In theory it will be possible to reject certain measurements using GDOP analysis.
Location Estimation Enhancement Techniques
Several methods have been proposed to improve the location estimation techniques. Several methods have been proposed to make use of extra data sets [5, 15] . Optimal solutions can be found by using weightings proportional to the confidence in a set of data. For instance the effect of data on the location estimate from far away BS's or GDOP poor BS's could be reduced. Another method proposed for TOA is to restrict the error range to a positive sign (TOA methods cannot underestimate the time delay). Morley et al. [26] show that adding this further constraint to the least squares solution can significantly reduce errors. It may be possible to extend this idea to TDOA if one postulates that a TDOA measurement between a close and a far BS will tend to be an overestimate as a far BS is more likely to suffer from NLOS. A soft decision method could be implemented.
There are several ways in which the estimation procedure can be improved when multiple sets of location estimates in time are available. Both Hellebrandt et al. [6] and Pent et al. [24] successfully use velocity estimation on previous estimates to constrain the current location estimate. This smoothing process is sometimes refered to as dead reckoning. If geographical information is available or in urban areas where BS's are arranged at block corners it is possible to adjust location estimates to fall on roads. A technique used in urban locations has been simulated with success by Caffrey et al. [27] .
Current Location Estimation Systems
Driven by the guidelines set down by the US FCC several systems working on current mobile networks have been developed. In the US TeleSentinal [9] has been developed. This AMPS compatable system uses AOA information arriving at 2 BS's to calculate the MS location. Trials indicate that its accuracy exceeds the FCC requirement. The system does require additional hardware to be provided (or bought) by the mobile network operator and BS's must be constantly recalibrated to assure that the AOA information is correct.
In the UK Cursor Systems [28] have developed a GSM compatable method based on TDOA of signals from both the BS's at the MS and additional sensors (of known location). Different network operators can work on one network of sensors. This system also claims to meet the US FCC requirements. However as the US legislation does not apply in Europe the same motivation is not present to network operators to pay for these solutions.
UMTS
The new Universal Mobile Telecommunications Standard (UMTS) has been developed in recent years. At this stage the details have not been finalised, however the most favoured proposal is a direct sequence code division multiple access (DS-CDMA) system which could deliver variable bit rate services of up to 2Mbits/sec. DS-CDMA is a spread spectrum technique which uses a set of orthogonal spreading and scrambling codes to overlay different traffic channels (and therefore users) on the same carrier frequency. This has an advantage over conventional FDMA in that the full bandwidth can be dynamically assigned to the users depending on their requirements rather than being preallocated to fixed bandwidth physical channels. Thus it has more efficient use of the increasingly limitted availablity of radio frequencies.
There are several layers of coding used, the key feature of which is their low cross-correlation properties. Specific code groups have already been selected for UMTS. OVSF, Gold, Kasami and Gold-like codes are to be used for the spreading, downlink and uplink scrambling codes and pilot codes respectively. These are defined in detail in [29, 30] . [31, 32] provide more information about the code families.
Quadrature phase shift keying (QPSK) is the data modulation technique used. This technique effectively provides two mutually orthogonal binary phase shift keying (BPSK) data streams on I and Q branches. As the coding sequences used on both branches of the downlink are identical, the downlink is often refered to as BPSK. However this does not refer to the actual data transmission which remains QPSK.
UMTS and Location Estimation
There are a number of features of the UMTS standard which will benefit location estimation (primarily for timing measurements) as compared to the 2nd generation standard, GSM.
UMTS operates at a high chip rate, 4.096Mchips/sec. The maximum resolution of timing measurements is related to this figure. With one sample per chip timing resolution will be 0.244 secs which is equivalent to 73m in propagation distance. With oversampling by 4 times this resolution could be improved to 18m.
One major reason for performing signal arrival time based analysis is that all the required timing measurements are already measured in the synchronisation process, the process by which the MS locks into the most suitable serving BS. A drawback for TDOA is that the UMTS standard does not require precise BS synchronisation for frequency domain duplex (FDD) mode (one uplink and one downlink carrier frequency). Ericsson (Dahlman et al. [33] ), a key player in the march towards UMTS, cite asynchronisity of BS's as a major advantage in this 3rd generation system.
Thesis Proposal
The thesis proposal is to design a passive mobile location system for UMTS. The basis for such a proposal was that: the system should have a minimal overhead (due to dedicated communication) of the network bandwidth. the system should have minimal effect on the channel capacity (due to increase in SIR) and loading on the network (due to increased signal processing requirements). the system should require the minimum of configuration and upkeep for the network opearators as well as the mobile user.
the system should require the minimum of additional signal processing. the system should provide absolute security of location information if required.
With consideration to these points several key parameters of the proposed system were defined.
The system would be passive in that no dedicated communication between mobile and network would be required to make a location estimate (although subsequent transmission of the location estimates may be required).
The location estimation would take place at the mobile user end. This would provide the required security and minimise the load on the network.
Initially a TDOA approach will be considered. This is the technique that is best suited to a passive MS end system. The required timing measurements are obtained during the mobile synchronisation process, so there will be little additional signal processing required. The TDOA method requires BS synchronisation which is assumed in the following descriptions. Of the other methods, AOA and signal strength analysis may be considered later for location accuracy improvement, although it may not be feasible to implement AOA at the MS end. TOA may require a dedicated duplex transmission so as such will not be considered in the project. (It is hoped to analyse the robustness of all the processes to measurement noise with varying terrain.)
The following flow diagram (Figure 2 ) explains the location estimation procedure that is proposed. The UMTS synchronisation process required is discussed in more detail in [30] . At this stage the method for smoothing of data is undecided. It is anticipated that several proposals, some from previous research, will be considered. If hearability becomes an important issue (which seems likely) initially slotted transmission will be considered.
Contribution to Knowledge
Although several similar projects have been undertaken in the past none have been implemented with UMTS. It will be interesting to compare the results of a UMTS based system with that of other research carried out. It is also hoped to, by building on past research, develop a robust location estimation smoothing algorithm for different terrain types, and predict what changes (if any) to the UMTS specifications (e.g. slotted transmission) will be required to implement the system.
Results from previous research show wide variations in expected location estimate accuracies. It is hoped by using the UMTS specifications rigourously to provide a realistic and reproducable result.
It is also hoped to prove the TDOA postulation made in Section 2.3.
Operation of Proposed Location Estimation System
The mobile correlates the received signal with Cp to synchronise with the strongest BS using the pSYNC channel.
The mobile acquires the Cs and D codes and frame sychronises using the sSYNC channel. Channel estimation and RAKE setup Communication can proceed.
The mobile acquires the correct scrambling codes and receives the pCCPCH channel. 
Work Completed to Date
The work carried out to date has been the construction of an accurate simulation tool to fit the UMTS specifications [30, 34] . The programs constructed so far model the transmission, channel transfer function and reception of the physical communication channels (pSYNC, sSYNC, and pCCPCH) required for the location estimation.
Transmitter Model
Three required physical channels (per BS -pSYNC, sSYNC, pCCPCH) have been modelled along with all the required modulation, spreading and scrambling as shown in the following figure. For simplicity the signals are maintained at baseband (upconvertion to 2GHz in real system). This will not affect the validity of the results. All power levels are normalized.
Channel Model
The channel model is an adaptation of the method proposed by [35] to model the COST207 specifications [36] . The model is, however, directly applicable to UMTS. The fading profile is generated by filtering Gaussian white noise with an IIR filter appoximating the doppler distribution required to produce a complex fading channel weight. This is applied to the complex data stream with pulse shaping. A number of channel taps of different power can be added to produce the channel output described as follows:
Where w i is the complex channel weight and i is the time delay in chips for the ith tap; d(t + k ? i ) is the kth complex data stream value at time t ? i (in chips); u( i ? k) is the kth value of the pulse shaping function shifted by i chips. The channel impulse response models used depend on the simulation terrain and are specified in [34] . However these must be modified to simulate a dynamic LOS/NLOS model with an or or off LOS and a variable NLOS excess delay.
NLOS path loss has been modelled as specified in [34] . e.g. for vehicular test environment in suburban terrain: L = 40(1 ? 4 10 ?3 h b )log 10 (R) ? 18log 10 ( h b ) + 21log 10 (f) + 80dB
Where R is the base station -mobile station separation (km); f is the carrier frequency (2GHz); h b is the base station antenna height above average rooftoop level (m).
Finally normalized Guassian white noise can be added at the required Eb/No.
Receiver Model
The synchronisation process, code acquisation, channel estimation and handover have been modelled as shown in Figure 4 . Arrival time and signal strength measurements can be obtained from the pSYNC channel correlator output. BS location information is subsequently obtained from the BCCH (contained in the pCCPCH).
Future Work
The first stage of the project is to complete the UMTS simulator program to the UMTS specifications. Once completed a preliminary investigation of the TDOA approach will be carried out. There are a number of variables which can be investigated: It is hoped that the effect of some of the key problems, such as hearability, NLOS conditions and GDOP, can be quantified. A key area to work on will be a realistic LOS/NLOS channel model with an or or off LOS path and variable NLOS excess delay. At this stage some of the techniques mentioned earlier to reduce these major problems may be implemented (e.g. slotted transmission, interference cancellation) as well as LOS/NLOS decision making. Assuming location estimates can be made to work on, back end processing will then be investigated. Dead reckoning, among other approaches, will be implemented and tested. At this stage it is hoped to have a location system which can achieve good accuracy.
To improve this accuracy hybrid schemes, intially using signal strength analysis, will be considered. The additional measurements can be used to compliment the TDOA data. Analysis of the GDOP on the different measurement techniques will be useful.
Finally, if applicable, a study on the effect of the location service on the capacity of the network will be carried out.
Timescale
Creation of UMTS simulator program
Initial testing of TDOA system 
Conclusion
In this report the theory and current research status of mobile location technology has been examined. This has shown that, even though there are commercial systems currently available, there is still much research and planning to be carried out before the introduction of the new mobile standard, UMTS.
The project proposal has been introduced and a project plan presented. The significant areas of research, where it is hoped to make a contribution to knowledge, have been discussed.
